Abstract In recent years, fine sediment, produced by runoff associated with forestry activity and agricultural development that accumulates on riverbeds, has exerted a deleterious influence on lotic ecosystems. This study examined the Oroennukibetsu River, a tributary of the Nukibetsu River, which has been affected by high loads of suspended sediments. Effects of accumulation of fine sediment on the survival rate of masu salmon embryo and also on the redd environment (permeability and intragravel dissolved oxygen concentration) were quantified through a field experiment. Results show that the interchange of DO between intragravel and surface water was not affected directly by permeability or the accumulated fine sediment and that intragravel flow rates can be an important factor controlling embryo survival. A decrease in permeability associated with accumulation of fine sediment lowered the survival rate of embryos by suffocation because the flux of DO that should be supplied to the embryo was severely limited. This situation might be created by the combined effects of an accumulation of fine sediment on the redd and a low DO concentration in the surface water because the DO concentration almost coincided with the intragravel DO.
Introduction
Sediment pollution has become a serious issue throughout the world, and especially in East Asian countries, since the latter twentieth century. Generally, it has resulted from land use activities, such as farmland development (e.g., Allan et al. 1997; Nakamura et al. 1997; Nakamura and Yamada 2005) , forestry activities (e.g., Platts et al. 1989; Nakamura et al. 2004) , mining (Hellawell 1986) , and road construction (e.g., Barton 1977; Extence 1978; Cline et al. 1982) . Such pollution has been defined as fine sediments, with sand, silt, and/or clay particles smaller than 2 mm. It imparts marked adverse effects on human society and aquatic ecosystems (Waters 1995) . Particularly, excessive accumulations of fine sediment on riverbeds deleteriously influences habitats of fish, benthos, and periphyton (e.g., Berkman and Rabeni 1987; Wood and Armitage 1997; Watanabe et al. 2001; Yamada and Nakamura 2002; Nakamura et al. 2008) .
In particular, embryos and alevins of salmonids reside in riverbeds and are therefore subject to detrimental effects of fine sediment accumulation on the riverbed. Accordingly, over the past half century, the relation between embryo survival and fine sediment accumulation has been examined (e.g., Wickett 1954; McNeil and Ahnell 1964; Tappel and Bjornn 1983; Greig et al. 2005) . Successful incubation of salmonid embryos and emergence of fry are highly dependent upon extragravel and intragravel characteristics (chemical, geomorphological, and hydrological) of the spawning grounds (Chapman 1988; Greig et al. 2007 ). These include dissolved oxygen (DO) concentration, water temperature, substrate size, the channel gradient and configuration, water depth above the redd, surface water discharge and current velocity, permeability and porosity of the gravel deposit, and intragravel velocity in the redd. Chapman (1988) noted that salmonid embryos can be mortally affected by changes in more than one characteristic. For example, the accumulation of fine sediment engenders depletion of intragravel dissolved oxygen concentration because the fine sediment lowers the permeability sufficiently to prevent interchange between surface and subsurface water. The consequent decrease in intragravel flow rates might impair the supply and circulation of water in the redd directly. This situation occurs depending on the characteristics of each salmonid embryo, grain size of the fine sediment, and water chemistry in the study basin. However, few attempts have been made to explain the mechanisms involved in fine sediment and survival of embryos by examining all physicochemical controlling factors (e.g., Malcolm et al. 2003b; Greig et al. 2005) . Moreover, these studies were conducted with very few sampling points and multipoint sampling. Consequently, hydrochemical variation of the hyporheic zone could not be established as it was in Soulsby et al. (2001) . In addition, previous studies were conducted for salmonids distributed in North America and England, but very few studies have specifically addressed masu salmon (Oncorhynchus masou), which is widely distributed in far eastern Asia.
The objectives of this study are to evaluate the effects of accumulation of fine sediment on the redd environment and on the survival rate of embryonic masu salmon quantitatively using multipoint field experiments, and to examine hydrochemical characteristics of surface and subsurface flows in association with fine sediment accumulation and pool-riffle morphology.
Materials and methods

Study site
The Nukibetsu River Basin in south-central Hokkaido, northern Japan, is cultivated intensively, primarily for wheat, potato, and pulse crops (Fig. 1) . The basin geology consists of volcanic products and their underlying Neogene volcanic rock; many slope failures have occurred along the pyroclastic flow plateau (Sato et al. 2002) . Previous reports have described that suspended sediment discharge and fine sediment accumulation on riverbeds have increased concomitantly with advancing agricultural development (Hokkaido Forestry Research Institute et al. 1998 , 1999 Murakami et al. 2001) . Currently, the annual wash load exceeds 10 10 mg km -2 year -1 at the river mouth (Sato et al. 2002) . Therefore, an increase in the fine sediment load and accumulation on the riverbed are considered to have caused the rapid decline of the masu salmon population (Hokkaido Forestry Research Institute et al. Hokkaido Forestry Research Institute et al. 1998) as well as the number of species and population of the macrobenthos (Nagasaka et al. 2000) .
This study was conducted in the Oroennukibetsu River (42°35 0 N, 140°42 0 E), a tributary of the Nukibetsu River. The catchment of the Oroennukibetsu River encompasses an area of 22 km 2 , with a channel length of 13 km and a riverbed slope of 1/32 (Fig. 1) . Compared to the Nukibetsu River, the Oroennukibetsu River has a low level of accumulated sediment (Murakami et al. 2001) , and more masu salmon redds have been observed (Hokkaido Forestry Research Institute et al. Hokkaido Forestry Research Institute et al. 1998) .
A study section with numerous masu salmon redds was selected at a part of the river situated 6-8 km from its confluence with the Nukibetsu River. A landslide scar exists in the middle reach of the section, which is considered to be the primary source of fine sediment downstream from this point. Consequently, a large amount of fine sediment accumulated in the lower reaches of the study section.
Experimental period and installation of artificial redds Masu salmon spawn in the redd on the tail of a pool in early autumn, during September-early October, in Hokkaido, Japan. The spawned eggs hatch when their cumulative temperature reaches almost 450°C (Kato 1991) . The embryo and fry inhabit the redds for almost half a year until they rise into the stream currents in spring: early May (Mayama 1992) . In the study reach, spawning behavior was observed in mid-September in 1999. Our experiment was begun from 1 October to maintain consistency with the natural growth stage of the embryo. Then, to evaluate the effect on egg survival, we used eyed eggs (collection, 10 September 1999; cumulative temperature, 267.2°C), which had been sampled from pondreared masu salmon originated in the Shiribetsu River at Mori stations of the Hokkaido Fish Hatchery. Furthermore, we set the experiment period for almost 3 weeks (1-23 October 1999) to reach to the cumulative temperature level of 450°C, which is sufficient for embryos to hatch completely.
In the study river basin, the water discharge increases in spring (March-early May) because of snow-melt, and occasionally in summer or in autumn because of typhoons or storms. Consistently with that pattern, several floods occurred during the experiment period in autumn (Fig. 2) .
Regarding the physical spawning environment of masu salmon, it was reported that the mean current velocity at the tails was 50 cm/s and that the ranges of water depth, gravel size, mound length, and width were, respectively, 9-13, 0.5-2.5, 141-168, and 85-100 cm (Sugiwaka et al. 1999) . To satisfy these natural spawning conditions, eight tails were selected in the study reach (Table 1 ; Fig. 1) . Furthermore, the number of egg pockets in a redd was reported as one to six; the mean number of eggs was 323 (15-1,080) in an egg pocket (Sugiwaka et al. 1999 ). According to the structure of the natural redd, we constructed two artificial redds in each tail of the pools, with one redd at a near-bank margin and another at the center of the stream flow on 1-2 October (Fig. 3) . Each redd was 1.5 m long and 1 m wide. Three Vibert boxes (Whitlock Vibert box; Whitlock 1977) , each containing 400 eyed eggs, were buried in each redd; the eggs were placed 15 cm below the bed surface.
The hydrochemical variables on redd environment were measured immediately after installing the Vibert boxes (3 October) and before collecting them (20) (21) (22) . Although a considerable rainfall (45 mm/day) precipitated on 11 October (Fig. 2) , the measurements were conducted under steady low-flow conditions to avoid flooding influences. To evaluate the fine sediment accumulation for the experiment period, the riverbed materials were sampled on each redd surface on 20-22 October.
Permeability test
To obtain the permeability coefficient in the redds, a field permeability measurement using the packer test, an in situ single well permeability test (Hvorslev 1951) , was conducted at points near the Vibert box (Fig. 3 , see Yamada et al. (2005) for detailed information). This test was conducted by applying the same techniques as those used for that study. The permeability coefficient (k) was then 
where Q p is the discharge pumped out of the well (cm 3 /s), l is the strainer's sectional length (cm), h is the difference between the water heads (cm), and r w is the standpipe's inner radius (cm).
A standpipe made of a 4.6-cm-diameter steel (100-cm long) with a strainer (0.5-mm slit width) of 5-cm sectional length at the bottom of the standpipe was hammered into the riverbed next to each Vibert box so that the strainer was at the same depth as the Vibert box (15-20 cm depth). A pump with a maximum flow rate of 100 cm 3 /s was used to draw water out of the standpipe. The flow rates pumped out of the well were measured using a flow meter with accuracy of 0.001 cm 3 /s. Each standpipe's water head was measured using a pore pressure meter with a data logger of up to 0.1 cm accuracy. A water sealing mat (20 9 20 cm) was set around the standpipe to prevent surface flow entering the gravel bed and the standpipe wall.
Hydraulic variables of surface water and water quality
Surface water velocity and depth were measured above the redds with a portable current meter (Model 3631; Yokogawa Electric Corp., Tokyo, Japan) at 60% of the water depth. Two types of water surface gradients were measured for each redd: the gradient between a pit and its tailspill (hereafter designated as ''the gradient of the tail'') and the other between a pool head to the next pool (hereafter designated as ''the gradient of the reach''), using a tilting level.
To investigate water quality in the redds, water samples were collected on two sampling occasions (3 October and 20-22 October). At each sampling location, a standpipe was installed immediately before sampling, and fresh water was extracted using a hand pump (Hand vacuum pump; Nalge Nunc International) after the water remaining in the pipe was first removed. The sampling method followed the same procedure employed by Olsen and Townsend (2003) and Greig et al. (2005) . The dissolved oxygen concentration (intragravel DO), pH (intragravel pH), and water temperature (intragravel temperature) were measured using a DO meter (DO-14P, DKK-TOA Corp., Tokyo, Japan) that had been calibrated against the Winkler test and a pH meter (HM-14P; DKK-TOA Corp., Tokyo, Japan). The surface-water quality parameters were measured above the bed surface where the Vibert box was buried. Water quality was allowed to vary with the diurnal temperature cycle. To eliminate the diel variation, water quality data were sampled almost simultaneously on each survey day. To check chronological changes of the water temperature in the redds and the cumulative temperature, intragravel water temperature (IWTL) was monitored 15 cm below the bed surface at the center of the tail sites using data loggers (StowAway Tidbit Temp Logger; Onset Computer Corp., MA, USA) during the experimental period (Fig. 3) . Similarly, the surface water temperature was monitored using the data logger at thalweg at Station 1.
Bed material sampling and grain size analysis When the Vibert boxes were dug out, the upper 15 cm of bed material was collected from each using a Surber sampler (25 cm quadrat, 0.25-mm mesh size). Thereafter, we conducted particle size analysis in the laboratory using classified weight percentage (WP) and cumulative weight percentage. The bed materials were sorted using sieves with mesh sizes of 63, 31.5, 16, 9.5, 4, 2, 1, 0.425, and 0.25 mm. The classified weight percentage consisted of WP 31.5-63 mm, WP 16-31.5 mm, WP 9.5-16 mm, WP 4-9.5 mm, WP 2-4 mm, WP 1-2 mm, WP 0.425-1 mm, and WP 0.25-0.425 mm, and the cumulative weight percentage was categorized as Fines \ 4 mm, Fines \ 2 mm, and Fines \ 1 mm.
Data analyses
The embryos collected from the Vibert boxes were examined to identify dead embryos and living alevin. The rate of embryo survival was calculated for each Vibert box as follows:
Survival rate (%)
¼
Number of living alevins Total (dead embryo and living alevins)
Â 100
To evaluate changes in water quality through subsurface flow in redds, the ratios of water quality variables (DO, pH, water temperature) were calculated as follows Water quality ratio ¼ Water quality in intragravel water Water quality in surface water
The intragravel flow rates were calculated by assuming that the water surface gradient reflects the hydraulic gradient because the difference in velocity heads between two points (pit and tailspill) was extremely small. The rate of flow over the embryos, the intragravel flow rate, Q (cm 3 /s), can be estimated as follows using Darcy's law:
where k is the permeability coefficient (cm/s), i is a hydraulic gradient (1), and A is the cross-sectional area containing the embryos in a Vibert box (cm 2 ), defined as a product of the width and height of the box (13 cm 9 2 cm). Furthermore, the flux of intragravel dissolved Landscape Ecol Eng (2009) 5:169-181 173 oxygen, the DO flux (mg/h), reaching the embryos can be estimated by multiplying the intragravel flow rate (Q) and intragravel DO concentration (mg/l). The groundwater-surface water interactions (extent of groundwater upwelling) and hyporheic water qualities vary with discharge fluctuations of the surface flow (Malcolm et al. 2003b; Malcolm et al. 2004 ); egg survival is mainly controlled by conditions existing during a low stream flow (Soulsby et al. 2001) . Consequently, physicochemical data (e.g., water quality, water temperature, and permeability) obtained immediately before collecting the Vibert boxes were used to reflect the representative data under a steady low-flow condition continuing for 5 days (Fig. 2) . Regarding the intragravel water temperature, manually collected data were used for this analysis. Pearson's correlation coefficient was used to evaluate the relations among all variables. Stepwise multiple linear regression analysis was conducted to determine the most influential variables for embryo survival. To avoid multicollinearity, those independent variables that were significantly correlated mutually (P \ 0.05) and that showed weak association with survival rate were eliminated. To improve normality and equity of variance, the survival rate was transformed to x , and the permeability coefficient, the DO flux, the classified weight percentage (WP) and cumulative weight percentage were transformed to log (x ? 1). These statistical analyses were conducted using software (SPSS for Windows ver.10.1.3 J; SPSS Japan Inc., Tokyo, Japan).
Results
Unfortunately, the Vibert boxes at sites 4 (center and bank), 7 (bank), and 8 (bank) were washed away by flooding on 11 October (Fig. 2) . For that reason, data at these sites were missing for additional analyses. Differences in physical parameters at different sites were not large ( Table 1 ). The surface water velocity and water depth, respectively, varied within 23-48 cm/s and from 17 to 26 cm/s. The velocity at Station 2 was slightly lower than at the other sites. When collecting the Vibert boxes, we observed fine sediment accumulation in the interstitial spaces of the gravel bed of 3-6 cm in diameter. The mean grain size, survival rate, permeability, and intragravel flow rate appear to decline in the sites downstream from the landslide (from Stations 4 to 8, Appendix 1). Moreover, these variables tended to become lower in the near-bank sites than in the center of the pool tail. Although IWTLs showed daily fluctuations synchronizing with surface water temperature, the daily lowest temperature tended to be higher than that of the surface water (Fig. 4a) . These daily fluctuations were observed at each site during the water sampling period (Fig. 4b) . The daily variation was slightly larger at downstream sites than at upstream sites.
Relation between fine sediment deposition and environmental variables Correlation analyses showed a significant relation between permeability and some other physical variables ( Table 2 ). The permeability coefficient was positively correlated with WP 16-31.5 mm and water depth, and negatively correlated with WP 2-4 mm, WP 1-2 mm, WP 0.425-1 mm, Fines \ 4 mm, Fines \ 2 mm, and Fines \ 1 mm (Table 2) . Furthermore, the analyses of ratios of water quality and physical variables showed that the DO ratio was significantly negatively correlated with the permeability coefficient, WP 0.25-0.425 mm, water depth, and the gradient of the reach (Table 2 ). The significant influences of water depth existed also on the DO ratio and permeability coefficient. Therefore, to remove the effect of water depth on the correlation analyses, a partial correlation analysis was conducted using the water depth as a control variable. No significant correlation between the permeability coefficient and the DO ratio was found (r p = -0.32, P = 0.064, df = 33). All DO ratios were lower than 1 (Fig. 5) , suggesting that the intragravel DO concentration was always lower than the surface water DO concentration. The pH ratio increased significantly with increasing permeability coefficient (Table 2; Fig. 5 ). Although the temperature ratio was not correlated with the permeability coefficient (Table 2), the variation of the temperature ratio tends to decrease concomitantly with increasing permeability, reaching almost 1.0 (Fig. 5) .
Although the intragravel DO concentration was significantly negatively correlated with WP 0.25-0.425 mm, the former was not significantly correlated with permeability (Table 3 ). In particular, the intragravel DO was strongly positively correlated with surface water DO, indicating that the intragravel DO concentration depends strongly on the surface water concentration.
Relation between survival of embryos and environmental variables
The correlation analysis between the survival rate and all physical and water quality variables showed that the survival rate was significantly correlated with all weight percentages (WP) except for WP 63-128 mm and WP 4-9.5 mm (Table 3 ). All variables for the cumulative percentage less than 4 mm showed negative associations with the survival rate. In particular, the survival rate decreased exponentially with increasing Fines \ 2 mm and Fines \ 1 mm (Fig. 6a, b) ; however, Fines \ 2 mm is the much stronger predictor. The survival rate decreased rapidly when Fines \ 2 mm exceeded 20%; most embryos died when it exceeded 60% (Fig. 6a) . The survival rate was correlated significantly with the permeability coefficient, surface water DO, intragravel temperature, surface water temperature, DO flux, and intragravel flow rate (Table 3 ). The survival rate decreased concomitantly with decreasing permeability, surface water DO concentration, DO flux, and intragravel flow rate, being best explained by the intragravel flow rate (Table 3 ). In addition, some observations revealed an extremely low embryo survival rate when the permeability coefficient was less than 1 cm/s and the DO flux was less than 1 mg/h (Fig. 6c, d) .
To determine the best combination of independent variables to explain the survival rate, stepwise linear regression analysis was used. The grain size data were not used for this analysis because the permeability coefficient was strongly correlated with the composition of the bed material. The result showed that the survival rate was best explained by the combination of the permeability coefficient, intragravel DO, and the tail gradient (Table 4 ). The survival rate increased concomitantly with increasing permeability coefficient, intragravel DO concentration, and tail gradient. The regression coefficient of the permeability coefficient was the highest among these variables.
Discussion
Effects of fine sediment on the redd environment
The accumulation of fine sediment causes a decrease in intragravel flow rate (or velocity) with decreasing permeability of the riverbed because of clogging of gravel bed pores. Previous studies indicated that the permeability coefficient is inversely correlated with a cumulative weight percentage less than 0.84 mm (McNeil and Ahnell 1964) and the weight percentage of 0.125-1.0 mm (Murakami et al. 2001 ). In our study, a strong inverse correlation was found with the cumulative weight percentage less than 4 mm (Fines \ 4 mm). The differences in specific grain size that affect the permeability coefficient between previous studies and the present study suggest that permeability might depend not on a specific grain size, but instead on the grain size distribution. Surface water enters a redd at the pit by down-welling and is discharged at the tailspill (Fig. 3) by up-welling (Vaux 1962; Cooper 1965) . Generally, the discharges (intragravel flow rates) depend on the hydraulic gradient and permeability in a riverbed. Although we did not measure the hydraulic gradient directly, our stepwise regression analyses showed that the gradient of the tail is an independent variable that is sufficiently strong to explain the survival rate of embryos. The hydraulic gradient in a redd can be determined by the vertical position (relative elevation) of the tailspill (Bjornn and Reiser 1991) . Thereby the water surface gradient (the gradient of tail) and the intragravel flow rate (or velocity) depend on local conditions surrounding redd, as characterized by the water surface gradient on the redd and by the permeability related to the amount of accumulated fine sediment.
The daily temperature variation at downstream sites was slightly greater than that at upstream sites, suggesting that the subsurface water temperature was partially regulated by surface water temperature warmed by insolation (Sugimoto et al. 1997) , not by sediment accumulation. We considered that our water quality data represented normal values because the water temperature exhibited an ordinary pattern of daily fluctuation that was synchronized with surface water temperatures. The pH ratio decreased concomitantly with the decreasing permeability coefficient, which is attributable to retention of intragravel water in the impermeable redds, resulting in an increase in organic acids and carbon dioxide produced from the respiration of live embryos and the decomposition of dead ones. The temperature ratio variation decreased concomitantly with increasing permeability, which suggests that the surface water can infiltrate easily into the permeable bed . In contrast, the ratios varied under a low permeable condition because the subsurface water temperature was mainly regulated by groundwater rather than by surface water, as described by Malcolm et al. (2003b) . However, partial correlation analysis revealed no significant relation between permeability and the DO ratio, suggesting that intragravel DO concentration was not affected directly by permeability, which varied with the fine sediment accumulation.
In general, the intragravel DO concentration is controllable by water temperature, interchange between surface and intragravel water, apparent velocity, permeability, and decomposition of organic matter in the redd (Bjornn and Reiser 1991) . Furthermore, intragravel DO concentrations were affected by the extent of groundwater upwelling corresponding to discharge fluctuation of surface water (Malcolm et al. 2003b) . These indicated that limiting factors for the intragravel DO concentration are complex locally and temporally. In particular, many reports have described that intragravel DO concentration has a negative relation with permeability and the percentage of fine sediment in substrates (Tagart 1976 (Tagart , 1984 Reiser and White 1981) because interchange between surface and intragravel water is prevented by low permeability (Tagart 1976 (Tagart , 1984 . The intragravel DO concentration is high in highly permeable riverbeds (Wells and McNeil 1970) , although it is low in a riverbed covered by silt and such materials of low permeability (Wickett 1954; Greig et al. 2005) . In contrast, the intragravel DO concentration is weakly correlated with the amount of accumulated fine sediment (Koski 1966) . Furthermore, the intragravel DO concentration depends on DO levels in the surface water, but is consistently a little lower than that in surface water (Vining et al. 1985; Yamada et al. 2008) . These contrasting results are attributable to riverbed conditions. The former studies were of silty riverbeds, where the permeability was extremely low, whereas the latter was on a sandy riverbed. The bed situation in the present study resembled that of the latter cases. Consequently, interchange of DO between intragravel and surface water was not directly affected by permeability or the accumulated fine sediment; rather these influenced the intragravel flow rate, which in turn affected the DO flux supplied to embryos.
Effects of fine sediment on embryos survival Previous reports have described that the survival rate and growth rate of embryos decrease concomitantly with increasing cumulative weight percentage to 6.4 mm (Bjornn 1968 ), 4.6 mm (Platts et al. 1979) , 3.3 mm (Koski 1966) , 2 mm (Hausle and Coble 1976), 0.85 mm (Koski 1966; Cederholm et al. 1981) , and 0.84 mm (McNeil and Ahnell 1964; Tagart 1976) . Koski (1966) and Cederholm et al. (1981) reported that the survival rate of coho salmon (O. kisutch) embryos decreased to 10-45% when the cumulative weight percentage to 0.85 mm exceeded 20% in their field studies. In our study, the survival rate of masu salmon embryo decreased to 20% when the cumulative weight percentage to 1.0 mm (Fines \ 1 mm) and 2.0 mm (Fines \ 2 mm) respectively exceeded 15% and 40% (Fig. 6a, b) .
According to past studies that examined hydraulic parameters with respect to fine sediment accumulation, embryo survival decreased concomitantly with decreasing permeability and apparent velocity in the redd for pink salmon (O. gorbuscha) (Wickett 1958) , chinook salmon (O. tshawytscha) (Gangmark and Bakkala 1960), rainbow trout (O. mykiss) (Coble 1961), coho salmon (O. kisutch), steelhead trout (Phillips and Campbell 1961) , and sockeye salmon (O. nerka) (Cooper 1965), which agrees with our results. The correlation analyses further revealed that the intragravel flow rate was a stronger explanatory variable for embryo survival than permeability, as supported by its larger correlation coefficient (Table 3) .
Many researchers have confirmed that survival rates of salmonid embryos were affected by the intragravel DO concentration in the redd (e.g., Coble 1961; Phillips and Campbell 1961; Sowden and Power 1985; Rubin and Glimsater 1996; Malcolm et al. 2003b ), but the critical DO concentration level was inconsistent. These differences might have originated from methods applied, salmonid species, water temperature, and reductions in DO associated with the embryos' respiration (Malcolm et al. 2004) . In fact, embryo survival is controlled by the DO supply to meet consumption by embryos (Wickett 1954) . Supporting this, our result indicates that the survival rate of masu salmon was positively correlated with the DO flux. Although results of correlation analyses show that the influence of intragravel DO concentration on the survival rate was insignificant, the former was selected as the independent variable with the permeability coefficient based on results of regression analysis. Results suggest that the combination reflects the DO flux.
The amount of oxygen consumed by one egg of masu salmon embryos is expected to be 0.001 mg/h at about 11°C of water temperature (Kawajiri 1925) . Therefore, oxygen consumption by 400 embryos will reach 0.4 mg/h. The survival rate declined to an extremely low level when the DO flux became less than 1 mg/h (Fig. 6d) , which is reasonably consistent with the oxygen consumption estimated above. Consequently, the negative relation between the survival rate and DO flux in our result is explainable by suffocation because of an insufficient DO supply. In addition, the DO flux, required for successful incubation increased with advancement of the embryo growth stage and increasing water temperature (Wickett 1954; Bjornn and Reiser 1991) . Therefore, in some cases, a high survival rate might occur even at a low level of DO flux, depending on the growth stage and water temperature.
In conclusion, fine sediment accumulation in the riverbed enhances mortality through suffocation because the reduced intragravel flow and permeability limit the DO flux that is normally available to the embryos. Given the close association between DO concentration in the riverbed and surface water, we expect that suffocation might become more serious under conditions combining low DO concentration in the surface water and large amounts of fine sediment in the riverbed.
Although this study did not examine the effects of largescale valley/channel morphology on exchanges between surface and subsurface flow and on quality of the spawning habitat (e.g., Wondzell and Swanson 1996; Boulton et al. 1998; Baxter and Hauer 2000) , embryo survival was generally explained by changes in the riverbed permeability, DO flux, and hydraulic gradient in a redd associated with fine sediment deposition on a local scale (Malcolm et al. 2003a) , as indicated by the fact that the water surface gradient of the tail was a significant variable in supplying DO to the redds. 
